Clustered DNA damage is considered as a critical type of lesions induced by ionizing radiation, which can be converted into the fatal or strong mutagenic complex double strand breaks (DSBs) during damage processing in the cells. The new data show that high energy protons produce more potentially lethal DSBs than low LET radiation. In this study, plasmid DNA were used to investigate and re-evaluate the biological effects induced by the protons with the LET of ~3.6 keV/μm at the molecular level in vitro, including single strand breaks (SSBs), DSBs, isolated and clustered base damages. The results of complex DNA damage detections indicated that protons at the given LET value induce about 1.6 fold more non-DSB clustered DNA damages than the prompt DSB. The DNA damage yields by protons were greater than that by γ-rays, specifically by 6 fold for the isolated type of DNA damage and 14 fold for the clustered damage. Furthermore, the spectrum of damages was also demonstrated to be depended on the radiation quality, with protons producing more DSBs relative to clusters than do γ-rays. In the space radiation field, the primary components are galactic cosmic rays (GCR) and solar particle events (SPE). GCR particles consist of 87% protons, 12% alpha particles and about 1% of heavy ions. SPE particles are mainly protons. Among these, protons are obviously the most abundant type of charged particles [1] . Model calculations have suggested that, during transit to Mars, every cell in an astronaut's body would be hit by a proton every few days [2, 3] . On earth, worldwide over 40000 cancer patients have received proton radiotherapy [4] . The increasing use of proton radiotherapy necessitates strengthening the study of the basic biological mechanisms associated with exposure to protons. In generally, protons are classified as low linear energy transfer (LET) like the photon from X and γ-rays, that is to say they do not lose much energy when they pass through the matter. DNA is one of the most important targets of ionizing radiation, and the double-strand breakage (DSB) is a particularly hazardous type of DNA damage to dividing cells as it involves a break to both strands nearby in the double helix [5] . The data of Hada and Sutherland [6] indicate that high energy (1 GeV/nucleon, 0.22 keV/μm) protons produce more potentially lethal double-strand breaks (DSBs) than low LET radiation, and the spectrum of damages is very similar to that of high energy iron ions and other heavy charged particles. The distinctive biological mark of heavy ions with high LET is to induce complex DNA damage, including DSBs and non-DSB clustered DNA damage. Clustered lesions are defined as two or more lesions (base damage, single strand break, abasic site) formed within a ~10-bp segment by a single radiation track. Both DSBs and non-DSB clustered DNA damages are considered difficult to be repaired and are closely associated with mutations and cell death. So for re-evaluating the effects of protons on biological systems, it is important to further investigate these two types of complex damages, induced by whether high or low energy protons. To our
In the space radiation field, the primary components are galactic cosmic rays (GCR) and solar particle events (SPE). GCR particles consist of 87% protons, 12% alpha particles and about 1% of heavy ions. SPE particles are mainly protons. Among these, protons are obviously the most abundant type of charged particles [1] . Model calculations have suggested that, during transit to Mars, every cell in an astronaut's body would be hit by a proton every few days [2, 3] . On earth, worldwide over 40000 cancer patients have received proton radiotherapy [4] . The increasing use of proton radiotherapy necessitates strengthening the study of the basic biological mechanisms associated with exposure to protons. In generally, protons are classified as low linear energy transfer (LET) like the photon from X and γ-rays, that is to say they do not lose much energy when they pass through the matter. DNA is one of the most important targets of ionizing radiation, and the double-strand breakage (DSB) is a particularly hazardous type of DNA damage to dividing cells as it involves a break to both strands nearby in the double helix [5] . The data of Hada and Sutherland [6] indicate that high energy (1 GeV/nucleon, 0.22 keV/μm) protons produce more potentially lethal double-strand breaks (DSBs) than low LET radiation, and the spectrum of damages is very similar to that of high energy iron ions and other heavy charged particles. The distinctive biological mark of heavy ions with high LET is to induce complex DNA damage, including DSBs and non-DSB clustered DNA damage. Clustered lesions are defined as two or more lesions (base damage, single strand break, abasic site) formed within a ~10-bp segment by a single radiation track. Both DSBs and non-DSB clustered DNA damages are considered difficult to be repaired and are closely associated with mutations and cell death. So for re-evaluating the effects of protons on biological systems, it is important to further investigate these two types of complex damages, induced by whether high or low energy protons. To our knowledge, although there are series of research reports regarding the efficiencies of DSBs and non-DSB clustered DNA damage induction by high or low LET radiation [7−18] , very few experimental studies were conducted on the comparison of protons with heavy ions or low LET radiation. In a former report, the energy of protons and the buffer solution surrounding of DNA used is different [19] , so the disaccord about yields of clustered DNA damage exist. In experiment of Leloup et al. [19] , pHAZE plasmid DNA was irradiated with 1.03, 19.3 and 249 MeV protons (LET=25.5, 2.7 and 0.39 keV/μm respectively) in phosphate buffer containing 2 mmol/L or 200 mmol/L glycerol, the results have shown that single-strand breaks (SSBs) yield decreased with increasing LET, the yield of DSB and all clustered lesions seemed to reach a minimum around 3 keV/μm. There was a higher yield of SSB, DSB and total clustered lesions for DNA in 2 mmol/L glycerol compared to that in 200 mmol/L glycerol, which is similar to the data of Sutherland et al. [20] . The latter indicated that the microenvironment around DNA has a significant effect on cluster induction. The Tris-buffer (radioquenching) was reported to reduce the yields of all clustered damages induced by γ-rays irradiation to 1%-3% of the levels formed in phosphate solution (non-radioquenching) under the same radiation dose, and the spectrum of clusters has also changed [20] . In addition, the yields of DNA damage also depend on the type or size of DNA molecules. For example, the paper of Terato et al. showed that the ratio of total clustered versus isolated damage for lambda DNA was higher than that for pDEL19 plasmid DNA irradiated with 60 Co γ-rays, carbon and iron ions [10] ．Therefore, it is necessary to conduct further study of biological effects induced by protons radiation. In present study, the plasmid pUC19 DNA samples were irradiated with protons and γ-rays in the presence of 200 mmol/L Tris-HCl buffer as a scavenger to provide cell mimetic conditions, and then these irradiated DNA samples were treated with the lesion-specific baseexcision repair enzymes endonuclease III (Nth) and formamidopyrimidine-DNA glycosylase (Fpg), to convert the base lesions into the form of DNA breakage. The clustered DNA damage was evaluated by analyzing the DNA molecular conformation changes in gel electrophoresis. The data from this study would be beneficial to the risk estimation on crews in case of exposure to space radiation and the victims of other nuclear radiation exposure, and also provide the essential experimental information of biological basis for the proton radiation therapy.
Materials and methods

DNA preparation
The purified DNA sample, pUC19 double-stranded plasmid (2686 bp) was purchased from TaKaRa Biotechnology Co. Ltd. (Dalian, China). The plasmid was primary of (90%) supercoiled form. The original concentration of DNA was 500 ng/μL. For the irradiation experiment, the DNA sample was diluted and dissolved in 200 mmol/L Tris-HCl buffer, pH 8.0, to a concentration of 100 ng/μL. For each radiation group, six DNA samples were prepared. One sample was used as the unirradiated control and the others were irradiated.
Protons and γ-rays irradiation
In the irradiation experiment, 15 MeV of protons produced by an HI-13 tandem accelerator (China Institute of Atomic Energy, CIAE) were used. γ-rays irradiation was performed with a 60 Co γ-rays source at CIAE. The pUC19 plasmid DNA was irradiated in polypropylene microtubes with protons or γ-rays at room temperature. The values of energy and corresponding LET (in aqueous solution) were 13.6 MeV and 3.6 keV/μm at the entrance surface of the DNA sample for protons radiation. A plastic scintillator detector was set to monitor the irradiated doses. The dose and dose rate of γ-irradiation was calibrated with Fricke dosimetry. The doses were 50, 100, 200, 300 and 500 Gy for protons and γ-rays (LET 0.2 keV/μm) irradiation. The dose rates were 8 Gy/min for protons and 10 Gy/min for γ-rays. Before and after irradiation, the samples were preserved in temperature of −20°C prior to use.
Enzyme treatment of DNA
Unirradiated/control and irradiated DNA samples were treated with sufficient quantities of homogenous preparations of a lesion-specific enzyme, E. coli Fpg enzyme or Nth enzyme (New England Biolabs Ltd., Beijing, China), recognizing and cleaving primarily oxidized purine and pyrimidine lesions, respectively [11] . For Fpg enzyme treatment, each sample was brought to final concentrations of 10 mmol/L Bis Tris Propane-HCl, 10 mmol/L MgCl 2 , 1 mmol/L dithiothreitol (DTT), pH 7.0 and 100 μg/mL bovine serum albumin (BSA; New England Biolabs). For Nth enzyme treatment, each sample was brought to final concentrations of 20 mmol/L Tris-HCl, 1 mmol/L EDTA, 1 mmol/L DTT, pH 8.0 and 100 μg/mL BSA. Then all of samples were incubated with the lesion-specific enzyme at 37°C for 1 h to cleave at all substrate sites with a minimum of nonspecific cleavage and the reaction was stop by the addition of 100 mmol/L EDTA. After the reaction, the samples were preserved in temperature of −20°C immediately. The quantity of enzyme to be used was determined by titrating pUC19 DNA irradiated with 50 Gy of γ-rays with increasing quantities of Fpg or Nth enzyme and determining the amount that provided maximal cleavage of specific sites with minimal nonspecific cleavage of an equal quantity of unirradiated DNA. For 500 ng DNA, 2 units (U) of Fpg or 6U of Nth protein was used.
Isolated and clustered DNA damage measurement
All of the DNA samples, including unirradiated/control and irradiated DNA with or without enzyme treatment, were added to a gel 6loading buffer solution (0.05% bromophend blue, 0.035% xylene cyanol FF, 36% glycerol, 30 mmol/L EDTA) and were separated on a 1% agarose gel pre-stained with ethidium bromide (EtBr) in 0.5TBE (44.5 mmol/L Tris, 44.5 mmol/L boric acid and 1 mmol/L EDTA) buffer at 4 V/cm for 2 h. Then the gel was imaged on an AlphaImager system (Alpha Innotech Corporation, USA) and the fraction of three forms of DNA, supercoiled (SC, intact DNA), open circular (OC, DNA with single-strand break, SSB) and Linear (L, DNA with double-strand break, DSB), was obtained by quantifying the density of corresponding bands with AlphaEaseFC software.
For each of unirradiated and irradiated DNA sample, the yields, SSBs of isolated damage (SSB i ), including prompt SSBs (SSB P ) and SSBs induced by Fpg (SSB F ) or Nth (SSB N ) were calculated from the equation (1) [9, 10] ,
where i = P, F, or N is defined above, D 37 is the dose required to give an average of 1 SSB per pUC19 molecule (2686 bp). The yields of oxidized purine and pyrimidine lesions were determined with the following equations [10] , Oxidized purines = SSB F -SSB P
Oxidized pyrimidines = SSB N -SSB P
The yields, DSBs of clustered damage, including prompt DSBs (DSB P ) and non-DSBs clustered induced by Fpg (DSB F ) or Nth (DSB N ) were determined from the slope of dose-response curves for the formation of L DNA [9, 10] . The yields of oxidized purine and pyrimidine clusters were calculated from the equation (4) and (5) [10] , respectively.
Oxidized purine clusters = DSB F -DSB P (4) Oxidized pyrimidine clusters = DSB N -DSB P (5)
Results and discussion
In order to effectively convert all the isolated or clustered base damages to SSBs or DSBs, the amount of enzyme required for the complete cleavage of all substrate sites presented in the DNA samples was firstly determined. The results indicated that, after the enzyme treatment, only the fraction of OC form (SSB) increased in the DNA samples irradiated with γ-rays, meaning that mainly some isolated base damages exist. For the unirradiated DNA sample, there is only a few augmentations on the amount of OC form DNA molecules, indicating that the control DNA samples contain very few endogenous base damages. Figure 1 presents typical titration curve for induction of Nth enzyme concentration against the production of OC form DNA by effectively cleaving the base damages in control or 50 Gy γ-rays irradiated plasmid DNA samples. Therefore, 2-6 U of the Nth enzyme is sufficient for the complete cleavages at all available base damages in samples. The quantity of Fpg enzyme was determined in a similar way (data not shown).
The confirmation of protons-induced clustered DNA damage demonstrated by the migration patterns in the electrophoresis gel is shown in Figure 2 (a). Lane 1 is length markers of standard DNA. Lanes 5−9 show DNA samples without enzyme treatment and the exposure doses were 50, 100, 200, 300 and 500 Gy, respectively. Lanes 10−14 and 15−19 are DNA samples treated with Fpg or Nth enzyme. Unirradiated DNA incubated under the same conditions with or without enzyme shows in lanes 2−4, indicating that the processes of enzyme preparations and cleavage reaction have little nonspecific cleavage, and very few endogenous clusters were produced for the DNA preparation. For each system, the forms of irradiated DNA samples changed from SC to OC and L as the dose increased. When the DNA were irradiated with the dose up to 500 Gy, the SC form of molecules almost completely disappeared, and all converted into the forms of circular, linear forms as well as the smear. The smear was a compounding of short DNA fragments in a wide range of molecular weights and reflected multiple sites of the clustered DNA damages existed in a molecule. This type of severity clustered DNA damages was converted to multiple double-strand breaks after the enzymatic cleavage, and consequently resulted in multi-fragmentation of DNA molecule. But compared with the DNA without enzyme treatment, the DNA samples treated with Fpg or Nth enzyme exhibit much higher level of the fraction of OC and L forms at the same dose, and the smear DNA emerged and increased dose-dependently starting from dose of 200 Gy. This phenomenon is similar to the report of Hada et al. [6] , in which the T7 DNA were irradiated with ion beams (iron, carbon, titanium, silicon, protons) or 100 kVp X rays [6] . . M is molecular length markers of standard DNA, C is unirradiated DNA samples treated with and without enzyme, 0, 50, 100, …, 500 Gy is exposed doses. "−" represents DNA samples in the absence of enzyme, "+Fpg" and "+Nth" represents DNA samples treated with Fpg or Nth enzyme.
Furthermore, after enzyme treatment, the total amount of DNA obviously decreased with the dose increasing, which reveals that more and more numbers of isolated and clustered damages, such as SSB, base damage and glycation damage produced in plasmid DNA after proton irradiation. These clustered-damage DNA molecules were consequently changed from SC and OC to OC or L form after treated with the enzymes. Figure 2 (b) shows a representative gel electrophoresis image of DNA damage induced by γ-rays irradiation and the conformation of DNA changed in a similar way with proton. But the extent of damage is obviously lower than that of proton. There still retained a certain amount of the intact SC form DNA even at the dose of 500 Gy, and the amount of L form is also very low. For example, the L form DNA is scarcely detected and quantified in the 500 Gy γ-rays irradiated DNA sample without further enzyme treatment, as well as the 200 Gy γ-rays irradiated DNA sample even after treated with Nth enzyme. The result is consistent with previous paper of Gulston et al. [9] , in which the detection was conducted on 60 Co γ-rays irradiation of pUC18 plasmid DNA in aqueous aerated solution containing 200 mmol/L Tris as a scavenger at the same dose. Furthermore, comparison of DNA treated with and without enzyme, the enzyme-increased amount of OC form DNA is much more than that of L form DNA, indicating that γ-rays radiation can mainly induce the isolated prompt damage, such as SSB, base damage and so on, but not or quite few clustered complex damages.
With the two types of radiation sources used, the fraction of SC and L DNA, as quantified from the gel images as the representatives of Figure 2 (1). Fitted by the formula, the D 37 of protons and γ-rays was obtained, and the yields of isolated damage, including prompt SSBs, oxidized purine and pyrimidine were determined from the D 37 doses. The fraction of L DNA displays a good linear relationship with the irradiation dose, and post-treatment with Fpg or Nth resulted in further increases of L DNA (Figure 3(b) , (d)), indicating the presence of non-DSB, oxidized purine and pyrimidine clusters in irradiated DNA. The yields of clustered damages, such as prompt DSBs, oxidized purine and pyrimidine clusters were determined from the slopes of dose response curves. Furthermore, protons produce much more DSB and non-DSB clusters than that produced by γ-rays irradiation. From the above data, the fraction of isolated (prompt SSBs, oxidized purine and pyrimidine, Figure 4 (a)) and clustered (prompt DSBs, oxidized purine and pyrimidine clusters, Figure 4(b) ) damage induced by protons, as a function of radiation doses, was obtained and is shown in Figure 4 . For the isolated damage, shift of fraction of SSB, oxidized purine and pyrimidine is independence of dose, only shows increase with increasing doses below 200 Gy for SSB. For the clustered damages, the DSB and oxidized purine clusters depend significantly on dose, and display increase for DSB and decrease for oxidized purine clusters as the dose increased, respectively. Based on the equations (1)-(5), the yields (sites/10 6 bp/Gy) of each of isolated and clustered damage induced by protons and γ-rays, were determined and summarized in Table 1 . The results indicate that protons induce more prompt DSB than non-DSB clusters (Fpg and Nth cluster), which is very similar to high LET radiations, and the latter has already been proven in most cases [11] .
For γ-rays, the non-DSB clusters tend to be higher compared to prompt DSB which have already verified at low LET radiations [6, 10] . The yields induced by protons, whatever prompt SSB or DSB and isolated or clustered base damages, are significantly greater than that of γ-rays, and the total yields about by 6 fold for isolated and 14 fold for clustered damages, respectively. The ratio of yields of the total clustered versus isolated damage is 0.61% for protons and 0.29% for γ-rays, suggesting that protons induce much more clustered damages. This may be explained by a qualitatively different damage mechanism active in the case of γ-rays and protons. For low LET γ-rays radiation, DNA OH diffusion length is about few nanometers in the absence of scavengers, and under this circumstance each plasmid may be only interacts with radical in its direct neighborhood. However, for protons of higher LET, the interaction with DNA is a corporate result of direct effect and indirect effect of free radicals. In the presence of the scavenger Tris-HCl, DSB and non-DSB clusters induced by direct action or locally multiply damaged sites (LMDS), can not be scavenged and are in higher yields. Furthermore, another reason is that DSB and other clustered lesions are mainly formed by very close local regions of higher ionization density in radiation fields, and for proton with higher LET radiation, these regions are closely spaced and more frequent than low LET. Therefore, the increasing of size of ionization clusters, and also of • OH radical clusters are helpful for the production of DSB and clustered lesions upon proton irradiation. This also can be interpreted as that the protons have the radial denser track structure compared to γ-rays, leading to denser ionizations and radical formation, and deposit more energy within a radius of a few nanometers around the ion track, favoring clustered damage. Compared with previous reports [11, 13] , the DSB yield by irradiation of γ-rays in presence of high scavenger is much lower and seems to be close to zero in the present study. This result could be considered to be associated with these factors, such as the type of DNA (DNA sequence), the buffer solution surrounding of DNA, radiation dose, and different LET of γ-rays used, As the frequency of DNA DSB production is so low and almost can not be detected, a slight underestimation could also be possible than the level of real ones, depending on the dose. The DSB and non-DSB cluster yields for protons radiation, in present study, show the same order as those reported by Leloup et al. [19] . In Leloup's study, the pHAZE DNA irradiation was conducted in the radioquenching solution (200 mmol/L glycerol). While our result seems at variance with that reported by Hada et al. [6, 11] , in which the T7 DNA was used and irradiated in non-radioquenching solution (20 mmol/L phosphate buffer) [6, 11] , and the yields are significantly greater, about by more than 100 fold. Taken together, it further implies that DNA damage production not only depends on the radiation quality, but also on conditions in which DNA was irradiated.
The spectrum of isolated and clustered damages, induced by protons and γ-rays radiation, is shown in Figure 5 . These data indicate that in irradiated DNA, compared with the γ-rays, the protons radiation induces a different spectrum of damages, i.e. level of DSB relative to non-DSB clusters is in a similar way with high energy iron ions and other heavy charged particles mentioned in the report of Hada et al. [6] . Therefore, the frequencies of the various complex damages obviously depend on the type of incident radiation, which could be formed by different mechanisms, including direct action of the radiation, secondary particle produced from interaction between proton and material, low-energy electrons at the end of tracks, and radicals from ionization of water or of DNA constituents. The result of spectrum also shows that, isolated or clustered damage, whether for protons or γ-rays, the total amount of oxidized base damages are greater than that of prompt SSB and DSB, revealing the importance of base damages in radiobiological effect. Similar results have been reported by Terato for γ-rays, carbon ion and iron ions irradiation of pDEL19 plasmid DNA in aqueous solution [10] .
Conclusions
Comparing with γ-rays radiation, 3.6 keV/μm protons have a strong capability to induce the isolated and clustered damages and the damage yields are greater. The yields and spectra of complex damage in plasmid pUC19 DNA irradiated with protons are much more similar to these produced by heavy ions with high LET and high energy protons. Our data clearly point out the necessity to carry on further researches to understand the mechanism of effects of lowenergy protons on biological systems, which may be very helpful for routine cancer-tumor therapy of protons.
